• The exchange of adsorbed water with ethanol is an elementary kinetic process • The kinetics can be best mathematically described with the kinetic model of the first order • The values of activation energy and the pre-exponential factor of exchange are calculated • The entropy term has a dominant influence on the kinetics of exchange • The exchange of the absorbed water with ethanol results in shrinking of the hydrogel
uronic monomers [5] , the concentration of the cations in the maturation bath, and time of maturation [6] .
The mechanism and kinetics of water adsorption in different xerogels have been researched in the work of Karadag et al. [7] , Kabiri et al. [8] , Elliottet et al. [9] , Raju et al. [10] , Ismail et al. [11] , Sun et al. [12] and Kipcak et al. [13] . On the other hand, the mechanism and kinetics of the exchange of the water adsorbed on a hydrogel exchange with different solvents have not been the subject of a great number of works.
The basic processing steps for the production of bio-aerogels are: a) hydrogel formation, b) cross-linking hydrogels, c) the replacement of water present in the gel structure by a solvent (a solvent exchange), d) the elimination of a solvent from gels, e) supercritical CO 2 drying [14, 15] .
Brown and co-workers found that hydrogel structure collapses when undergoing supercritical drying without solvent exchange [16] . Lin et al. determined that the presence of even small amounts of water in hydrogel pores can lead to significant changes in the porous structure of polysaccharide hydrogels after their supercritical drying [17] . In the work of Elvassore and co-workers it is confirmed that a full replacement of water in the hydrogel with a solvent that is well-soluble in CO 2 is a compulsory requirement for the production the bio-aerogels [18] .
Since the detailed knowledge of the kinetics of the solvent exchange is essential for the development of a novel technological procedure for obtaining the calcium alginate aerogels -the degree of kinetical complexity, kinetics model, and kinetics parametersthe kinetics of water exchange of absorbed water in alginate hydrogels with ethanol was thoroughly investigated in this article.
EXPERIMENTAL

Materials
Sodium alginate ((C 6 H 7 NaO 6 ) n ) was purchased from Fluka Biochemic, Buchs, Switzerland. Calcium chloride dihydrate (CaCl 2 ) was supplied from LachNer, the Czech Republic. Ethanol, 99.9 vol.%, (absolute ethanol) was supplied from Carlo Erba, Italy.
Preparation of calcium alginate hydrogel
Into 100 ml of the CaCl 2 water solution with concentration of (0.24 M), 5 ml of sodium alginate solution in distilled water (1 mass%) has been added at room temperature, under stirring, with a use of a syringe with a 0.8 mm diameter needle. The calcium alginate hydrogel spheres were formed with an average radius of 2 mm, left to mature in the Ca 2+ solution for 24 h and then separated by decantation from the solution. The formed spheres were washed with distillated water and gently wiped with tissue paper to remove the surface water and left in the desiccators.
Determination of initial water content in hydrogel
The determination of the initial water content in the analyzed hydrogel ( 2 H O m ) was done by gravimetric method which is described in the work by Cvetković et al. [19] . The accurate amount of the hydrogel (m o = 1.000 g) was thermally activated at the temperature T = 383 K until its mass became constant (m TN ). Initial water content was calculated by using Eq. (1):
In accordance with Eq. (1), the initial water content in the used sample was Isothermal kinetics of exchange of the absorbed water with ethanol
The investigation of the kinetics of exchange of the absorbed water within the swollen calcium alginate hydrogel with ethanol was carried out by the batch method. Accurately weighed samples of calcium alginate hydrogel spheres (1.0 g) were placed in 50 ml of absolute ethanol preheated to temperatures of 279.3, 306 and 317 K. The suspension was stirred with a mechanic stirrer with 400 rpm. Aliquots were carefully withdrawn from the suspension at the predetermined time intervals.
Determination of water concentration in ethanol solution
Water concentration in aliquot samples of the ethanol solution was determined by the refractometric method. The measurement of the refractive index was done by using a Reichert-Jung Auto Abbe refractometer at temperature of 298 K. The quantity of the exchanged water in ethanol solution at the moment of time (t), was determined by Eq. (2): 
Determination of the dependence of apparent activation energy on the degree of exchanged water
Determination of the dependency of the apparent activation energy (E a,α ) on the α value was performed by Friedman's differential isoconversional method [20] . The method is based on Eq. (4):
where (dα/dt) αi is the reaction rate at α = α i , A i is the pre-exponential factor on α i , T j is the temperature at which the measurement is carried out, and f(α) is the mathematical model associated with a certain reaction mechanism. Taking the logarithm of Eq. (4) yields Eq. (5):
The dependence of ln(dα/dt) αi on 1/T j should result in a straight line, from which the slope is calculated i.e., E a,αi .
Determination of the kinetic model of exchange
The kinetic model of exchange of water from the calcium alginate hydrogel with ethanol is determined by using the model fitting method [21] . Adnadjevic et al., described in detail the method for determination of the kinetic model of the investigated process by model-fitting method [22] .
The degree of superposition of normalized experimental conversion curves and the normalized theoretical conversion curves for a certain kinetic model are evaluated on the basis of the residual sum of squares discrepancy of experimental conversion curves and the theoretical calculated curves. The sum of the squares of discrepancy was calculated by the programming package OriginPro 9.0. For the chosen model, the sum of the squares of discrepancy was σ = 3×10 -3 .
RESULTS AND DISCUSSION Figure 1 shows the isothermal conversional curves (dependence of α on t) of the exchange of the absorbed water with ethanol in the calcium alginate hydrogel measured at different temperatures.
The shapes of dependence of α on t, are a linear and a convex one. In the beginning of the exchange process, α increases almost linearly with t. Furthermore, the increase of α with t slows down and becomes concave. The increase in temperature leads to the increased slope of the liner change and to the decrease in the time required to achieve the maximal value of exchange, which suggests that the rate of exchange increases with the temperature. Considering that the variation of apparent energy of activation (E a,α ) with α is a good indication of a multi-step process, we applied Friedman's method to determine the dependence E a,α on α. The dependence of E a,α on α is shown in Figure 2 . As can be seen from Figure 2 , the value of E a,α is independent of α. Based on the independence of E a,α of α, according to the Vyazovkin principle [23] , we can conclude that the investigated exchange of water with ethanol has one rate limiting step (it is carried out in a single step).
The kinetic model of exchange of the absorbed water with ethanol was determined by using the model-fitting method. Figure 3 shows the normalized experimental isothermal curves (dependence of α on t N ) of exchange.
The normalized isothermal kinetic curves of exchange of the absorbed water with ethanol obtained at different temperatures are identical, which indicates the existence of a unique kinetic model of the considered process and its independence of the temperature. By applying the model-fitting methods, it was concluded that the kinetics of the exchange of absorbed water with ethanol can be modeled with a kinetic model of the first-order chemical reactions. Therefore, if the kinetics of the exchange can be mathematically described with a kinetic model of the first-order reaction, then the dependence of -ln(1-α) on the exchange time should be linear.
It can be seen that isothermal dependence -ln(1-α) on t is linear at all of the investigated temperatures, \figure 4, which implies that the determined kinetic model of the first-order chemical reactions realistically describes the kinetics of the exchange of the absorbed water with ethanol. The effect of temperature on the values of the exchange rate constant (k m ) is presented in Table 1 . Considering the above-mentioned results and explanations, it can be argued with a high degree of certainty that the kinetics of the exchange of the absorbed water with ethanol in calcium alginate hydrogel is not limited by internal or external diffusion rates of the water from hydrogel or ethanol molecules into hydrogel, but that it is kinetically limited by the rate of exchange of the water molecules absorbed in hydrogel with ethanol molecules.
In order to deeper understand the kinetics of the exchange of the absorbed water with ethanol, we calculated the values of the thermodynamic parameters of a standard enthalpy of activation (∆H*), standard entropy of activation (∆S*) and Gibbs energy of activation (∆G*) The calculation of ∆H* and ∆S* was performed by using the Eyring equation [24] :
e e h ( 6 ) where k m is a rate constant, k B represents the Boltzmann constant, and h represents the Planck constant.
Taking the logarithm of Eq. Error! Reference source not found. gives:
The dependence of ln(k m /T) on 1/T is a straight line with a slope (S) and intercept (Y):
The ΔG* can be calculated by using Eq. (10):
The calculated values of the ∆H*, ∆S* and ∆G* are given in Table 2 . The values of the ∆H* and ∆G* are positive, whereas the value of the ∆S* is negative.
The obtained positive value of ∆H* is in accordance with the calculated model's activation energy which emphasizes the endothermal nature of the exchange process. The positive value of ∆H* indicates that the energy required for breaking the bonds in the reacting molecules is greater than the energy that is released during the formation of the activated complex. The increase in the rate of exchange with the temperature is primarily caused by the endothermic nature of the process. The negative value suggests that the entropy of the alcohydrogel has a lower value than the sum of hydrogel entropy and ethanol entropy. The lower value of the alcohydrogel entropy is a consequence of the exothermal mixing of the of ethanol molecules with the molecules of the adsorbed water and the mutual interaction of the polymer chains of xerogel. Since the interaction energy between the molecules of ethanol and the molecules of water is higher than the interaction between the molecules of water and molecules of water and the molecules of ethanol with the molecules of ethanol, there exists the mixing of molecules, where the molecules of ethanol group around the molecules of water, and the molecules of water group around the molecules of ethanol. This leads to entropy decrease of the thus made alcogel in comparison to the starting components. The grouping of the ethanol molecules around the adsorbed water molecules also leads to the destruction of the molecular clusters bound to the hydrophilic and hydrophobic parts of the polymeric chains.
The release of the water molecules from the clusters enables the mutual interaction of the chains, where the consequence is alcohydrogel shrinking or the decrease of its volume and entropy. The significantly higher value of the term |T∆S*| (Eq. (10)) than the value of ∆H* clearly indicates the dominant effect of the entropic contribution on the rate of exchange. The obtained positive value of ∆G* suggests that the process of the exchange is not a spontaneous one and temperature activated. There are four types of water in hydrogel. The water in the outermost layer is called free and can be easily removed from the hydrogels under mild conditions. The interstitial water is the type of water which is not attached to the hydrogel's network, but is physically trapped in between the hydrated polymer chains. The bound water is directly attached to the hydrophilic and hydrophobic parts of the polymeric chains.
Shibayama et al. [25] , Ebara et al. [26] and Otake et al. [27] , explained the volume phase transition (shrinking) of hydrogels by the changes in the structure of the absorbed water molecules around the hydrophobic groups of the polymer chains that cause the association of the hydrophobic groups of polymer chains, which in turn leads to the shrinkage of the polymer network. Grinberg et al. suggested that three different processes are involved in the volume phase transition: polar dehydration, apolar dehydration, and strong interaction between polymer chains [28] .
Grinberg, Hvidt and Southal [28] [29] [30] calculated the values of enthalpy for the rearrangements monomer unit of: 1) the water cages around the hydrophobic parts of polymer chains into the bulk water (∆H c = 39.9 kJ⸱mol ) is in good agreement with the theoretical value of the enthalpy of rearrangements of bound water around hydrophilic groups of calcium alginate hydrogel [28] [29] [30] . This enables to propose that the kinetics of the exchange of absorbed water with ethanol is limited by the rate of the rearrangements of water bound to the hydrophilic group's polymer chains of calcium alginate hydrogel. Based on the above results, one can propose that the process of the exchange of absorbed water with ethanol initiates due to the entire miscibility of ethanol with the absorbed water. The increase of ethanol concentration in the absorbed water leads to the rearrangements of the water cages around the hydrophilic groups of the polymer chains, which as a consequence has the diffusion of the water molecules into ethanol and the polymeric chains mutually react and the shrinking occurs. This results in and leads to the release of the absorbed water, their diffusion into ethanol solution bonding of ethanol molecules for the hydrophilic groups of polymer chains, and the interaction between exchanged polymer chains (a volume phase transition).
CONCLUSION
The exchange of the absorbed water within the calcium alginate hydrogel with ethanol is an elementary kinetic process. The kinetics of the exchange of the absorbed water with ethanol can be best mathematically described with the kinetic model of the firstorder chemical reaction. The values of activation energy and the pre-exponential factor of exchange are found to be E a = 18.0 kJ⸱mol 
